Dietary fats are not created equally, slight differences in structure lead to crucial differences in function. Muticellular organisms use polyunsaturated fatty acid as substrates to produce potent signaling molecules crucial for many physiological processes, including reproduction. Here we explored the mechanism responsible for germ cell loss induced by dietary supplementation of dihomo-gamma-linolenic acid (DGLA, 20:3n-6) in the roundworm Caenorhabditis elegans. In this study we found that C. elegans CYP-33E2 activity produces a range of epoxy and hydroxy metabolites from dietary DGLA. Knockdown of cyp-33E2 suppressed the DGLA-induced sterility phenotype. Additionally, direct exposure of two specific DGLA-derived epoxy products, 8,9-and 14,15-epoxyeicosadienoic acids, produced germ cell abnormalities in the C. elegans gonad. We propose that sterility is mediated by the production of toxic DGLA-derived epoxides that trigger germ cell destruction. These studies are the first to establish a biological activity for a CYP-produced metabolite of DGLA.
. A less understood class of eicosanoids are produced by cytochrome P450 monooxygenases (CYPs), which are a diverse collection of enzymes acting on various endogenous and xenobiotic molecules 8 . Fatty acid derived eicosanoids produced by the CYP pathway function in vascular dilation, angiogenesis, pain nociception and protection from ischemic/reperfusion damage 1, [9] [10] [11] . In addition, epoxyeicosatrienoic acids (EETs) generated from AA by CYP epoxygenases were found to stimulate extensive multiorgan Scientific RepoRts | 5:15417 | DOi: 10.1038/srep15417 metastasis and escape from tumor dormancy in several tumor models 12, 13 . Very few studies examining the direct effects of DGLA in mammals have been performed, although several cyclooxygenase-and lipoxygenase-derived eicosanoids appear to have anti-inflammatory and anti-proliferative properties 14 . Even though a great deal has been learned about eicosanoid formation and function, progress on elucidating beneficial and harmful functions of the thousands of diverse mediators has been limited due to the challenges imposed by low concentration, limited stability, and restricted knowledge of receptors for many eicosanoid species. In particular, the biosynthesis and biological activity of DGLA-derived CYP-eicosanoids has never been described before.
Studies using C. elegans are beginning to shed light on the activities of eicosanoids in developmental processes of invertebrates 2, 15 . Our previous work has identified the involvement of PUFAs in the maintenance of germ cells. Specifically, wild type C. elegans become sterile in a dose-dependent manner when grown on plates containing DGLA 16 . This sterility phenotype is remarkably specific, as high concentrations of dietary omega-3 fatty acids with similar physical properties did not affect fertility. The sterility, caused by destruction of germ cells, is highly amenable to genetic manipulation. For example, the fat-1 mutant strain, which produces excess endogenous DGLA 17 , or the nhr-49 strain, which displays multiple lipid homeostasis defects 18, 19 become sterile at lower doses of DGLA than wild type. Conversely, strains with activated stress response pathways, such as daf-2, do not become sterile upon exposure to DGLA 20 . This suggests that fatty acid metabolism is highly regulated to protect against potentially toxic dietary metabolites.
When C. elegans are grown on elevated DGLA for their full life, their gonads consist of somatic cells which lack germ cells of any stage 16 . However, the impact of DGLA supplementation on germ cells can also be observed by short term DGLA supplementation of young adult worms with mature gonads. The C. elegans gonad consists of two U-shaped arms attached at one end by the uterus and spermatheca organs. A primordial germ cell niche is formed in the distal gonad where germ cells proliferate mitotically and transition into meiosis as they are pushed toward the proximal gonad to mature into sperm or oocytes 21 . Short term feeding of DGLA to young adult C. elegans, followed by visualization of the germ cell membrane and nuclei, indicated that DGLA supplementation leads first to the formation of multi-nucleated germ cells, then subsequently to germ cell apoptosis and cell clearance 20 . The rapid formation of multinucleated germ cells appears to be due to cell fusion of meiotic cells in the germline syncytium. Alternatively, failed cytokinesis during mitosis in the distal gonad could also account for the multinucleated cells.
In this study, we examined the mechanism in which dietary DGLA induces germ cell demise in C. elegans. Reverse genetic, biochemical, and morphological approaches were used to address the hypothesis that specific DGLA-derived eicosanoids have detrimental effects on germ cells survival. We found that CYP-33E2 activity produces hydroxy, epoxy, and diol products from dietary DGLA. However, only two of these metabolites, 8,9-and 14,15-epoxyeicosadienoic acid (EED), trigger the formation of multi-nucleated germ cells when injected directly into the C. elegans gonad syncytium. Thus, these oxygenated metabolites are likely responsible for sterility induced by dietary DGLA.
Results
Reduction of CYP-33E2 activity suppresses DGLA-induced sterility. Physiological responses from PUFAs are often mediated by their conversion into oxygenated eicosanoid metabolites. To determine if DGLA-derived eicosanoids trigger the sterility induced by dietary DGLA, we used RNAi to inhibit the CYP and prostaglandin pathways that potentially metabolize DGLA (Fig. 1) . In mammals, several CYP enzymes modify PUFAs, creating eicosanoids with epoxy (CYP2C and CYP2J isoforms) or hydroxy (CYP4A and CYP4F isoforms) modifications 8 . The C. elegans homolog CYP-33E2 produces a range of hydroxy and epoxy metabolites from linoleic acid (18:2n-6), AA (20:4n-6) and EPA (20:5n-3) 22 . We reasoned that similar metabolites might be formed from dietary DGLA and might trigger germ cell demise, leading to sterility in C. elegans. If a specific oxygenated DGLA metabolite is toxic to germ cells, then knocking down the enzyme producing the metabolite would be predicted to suppress the sterility phenotype. We used RNAi to knock-down cyp-33E2 and found, compared to empty vector controls, reduced populations of sterile worms when exposed to two concentrations of DGLA ( Fig. 2A) . GC/MS analysis revealed similar levels of DGLA uptake in the cyp-33E2 RNAi (11.5% DGLA for 0.3 mM) as in the empty vector control (10.5% DGLA for 0.3 mM), revealing that the cyp-33E2 is not simply blocking uptake or absorption of the dietary fatty acid. This result indicates that CYP-33E2 activity is involved in the process of germ cell destruction that leads to sterility in wild type worms supplemented with DGLA.
Epoxide hydrolase and prostaglandin synthesis do not contribute to DGLA-induced sterility. Based on our previous studies 22, 23 , we predicted that CYP-33E2 activity generates epoxy and hydroxy metabolites from DGLA. Because epoxides derived from fatty acids may be toxic 24, 25 , intracellular concentrations of fatty acid epoxides are regulated by soluble epoxide hydrolase enzymes, which convert epoxides into diols. While this modification often aids in the clearance of epoxide molecules, in some cases the resulting diol is also toxic 24, 25 . To determine if diol metabolites of DGLA may also be toxic and contribute to germ cell demise, we obtained a ceeh-1 deletion and a ceeh-2 mutant carrying an opal stop codon in exon 1 from the C. elegans "million mutant" project 26 , predicted to be a homolog of human soluble epoxide hydrolase 27 . The ceeh-1 and ceeh-2 mutants resulted in wild type levels of sterility on DGLA, though a slight but not significant increase in the number of sterile nematodes was seen in ceeh-1 on 0.3 mM and in the ceeh-2 mutant on 0.1 mM DGLA. (Fig. 2B) . These experiments suggest that soluble epoxide hydrolase activity is not involved in DGLA-mediated toxicity.
In mammals, aldo-keto reductases (AKT) such as Prostaglandin F Synthase and isomerases such as Prostaglandin E Synthase act on prostaglandin H 1 to produce series 1 F-class prostaglandins (PGF 1 ) 4 . Although strong evidence exists for the synthesis of F-class prostaglandins in C. elegans 28, 29 , the enzymes that catalyze the required cyclooxygenase activity have not been identified. We used RNAi knockdown of predicted homologs of human Prostaglandin E and F Synthases to determine if similar activities on DGLA were leading to the formation of a toxic metabolite. We tested three genes with ≥38% identity to human Prostaglandin F synthase: Y39G8B.1, T08H10.1, and C07D8.6 as well as R11A8.5 which has 45% identity to human Prostaglandin E Synthase 2. A significantly greater number of sterile nematodes were seen in the RNAi populations supplemented with DGLA than empty vector populations (Fig. 2C ). This suggests instead that flux of DGLA through an alternative lipid metabolism pathway might prevent DGLA from conversion to more toxic eicosanoids produced by CYP-33E2.
C. elegans CYP-33E2 activity promotes successful reproduction. To test whether CYP-33E2
impacts successful reproduction in untreated C. elegans wild type, the brood size of individual worms was measured. Inhibition of cyp-33E2 resulted in a reduced brood size, approximately 30% lower than the empty vector control (Fig. 2D) . Therefore, CYP-33E2 plays a positive role in reproduction under normal dietary conditions, possibly in the promotion of germ cell maintenance through eicosanoids synthesized from more abundant fatty acid substrates, such as eicosapentaenoic acid (EPA, 20:5n-3).
C. elegans synthesize epoxy and hydroxy DGLA metabolites via CYP-33E2 activity. Our genetic experiments infer that CYP-33E2 activity leads to toxic metabolite formation, while soluble epoxide hydrolases and conversion of DGLA into prostaglandins might protect worms from toxic DGLA-derived metabolites. To identify the DGLA metabolites produced by CYP-33E2 activity, microsomes from a baculovirus expression system co-expressing CYP-33E2 and human cytochrome P450 reductase (hCPR) 22 were assayed with radiolabeled DGLA. Isolation and analysis of the resulting products by LC-MS/MS indicated that 8,9-, 11,12-, and 14,15-EEDs as well as the hydroxy derivatives, 18-and 19-hydroxyeicosatrienoic acids (HETrE) were produced by this monooxygenase system (Fig. 3A , Table 1 ). CYP-33E2 was previously shown to produce similar epoxy and hydroxy metabolites from EPA or AA substrates 22 . This indicates that epoxide and/or hydroxide containing DGLA metabolites may induce germ cell death.
To confirm that the DGLA metabolites produced by the recombinant CYP-33E2 are synthesized endogenously by C. elegans, the CYP-eicosanoid pattern from whole nematodes fed 0 mM or 0.3 mM DGLA were assayed by using LC-MS/MS. In addition to the epoxy and hydroxy metabolites found in the CYP-33E2 assay (Fig. 3B,C) , 8,9-, 11,12-, and 14,15-di-hydroxyeicosadienoic acids (DHED), diols derived from the corresponding epoxides, were also produced (Fig. 3D) . This suggests that endogenous epoxide hydrolase activity converts the corresponding epoxy metabolites to diols. Importantly, all three classes of eicosanoid metabolites were detected at a higher abundance in DGLA fed nematodes than in non-supplemented controls. This suggests that dietary supplementation of DGLA leads to the production of corresponding CYP-eicosanoids in the living worms.
Functional assays of DGLA-derived eicosanoids. We sought evidence that specific DGLA metabolites induce the destruction of germ cells, leading to sterility. Of the DGLA metabolites found to be produced by C. elegans, only 14,15-EED was available commercially (Cayman Chemical). We produced the remaining metabolites by chemical oxidation (EEDs) following acidic hydrolysis (DHEDs) or by collection of CYP-33E2 produced 18-HETrE. All metabolites were purified by HPLC and quantified by MS. We developed a gonad injection assay in which the potency of specific metabolites could be directly assayed with smaller quantities of the purified eicosanoids. Because germ cells in the distal gonad are not completely enclosed, they share a common cytoplasm via a gonadal syncytium. Thus, multiple germ cells can be exposed to the metabolites from one injection. For proof of concept, DGLA was injected into the gonad of the C. elegans OD95 strain co-expressing fluorescent markers that target to the plasma membrane [GFP fusion that binds PI(4,5)P2] and chromosomes (mCherry-histone H2B) 30 . At a concentration of 10 μ M, DGLA injections produced multinucleated, abnormal germ cells within several hours that were similar to those that developed when mature C. elegans were fed 0.3 mM DGLA (Fig. 4C) . We then injected the purified DGLA-derived eicosanoids into gonads and observed gonad morphology 2-4 hours after injection. We found that injections of 8,9-EED or 14,15-EED at 1 and 2.5 μ M produced multinucleated, abnormal germ cells in pre-meiotic and meiotic-transitioning germ cells (Fig. 4D-F) . This suggests that these specific epoxide metabolites can trigger germ cell defects, because none of the other DGLA-derived eicosanoids produced the abnormal germ cell phenotype. Injections of DGLA at 1 and 2.5 μ M did not produce abnormal germ cells compared to mock injections, suggesting that only a fraction of DGLA becomes modified into toxic metabolites, and therefore DGLA must be present at higher concentrations to manifest the effect. Our previous feeding studies showed that the sterility phenotype is highly specific to supplementation of DGLA. Similarly, we found that injection of the EPA metabolites 8,9-and 14,15-epoxyeicosatetraenoic acids (EEQs) did not cause the formation of abnormal germ cells. Thus, the germ cell toxicity is highly specific to the dietary DGLA-derived 8,9-and 14,15-EED eicosanoids. 
Discussion
Dietary DGLA causes C. elegans to become sterile due to destruction of germ cells during larval development. Through genetic, biochemical, and morphological studies, we demonstrate here that CYP-33E2 acts on dietary DGLA to produce two toxic metabolites, 8,9-and 14,15-EED, that mediate the destruction of germ cells. This is the first example of a DGLA-derived epoxide with physiological activity. We showed that RNAi knockdown of CYP-33E2 produced nematodes that were resistant to DGLA-induced sterility, however, we found that RNAi targeting genes that potentially direct DGLA towards other lipid metabolism pathways increased the sensitivity of C. elegans towards DGLA. Prostaglandins are well known fatty acid metabolites involved in multiple aspects of reproduction. In mammals, prostaglandins functions include the induction of labor and oocyte maturation 31 . In C. elegans, F-class prostaglandins produced by PUFAs in oocytes mediate nematode sperm guidance towards oocytes 29 . Under favorable conditions with abundant nutrients, pheromones sensed by ciliated neurons stimulate prostaglandin synthesis in the ovary, which in turn attracts sperm to oocytes and promotes optimal reproduction 32 . Even though CYP-33E2 activity mediates the toxic effects of dietary DGLA, it is likely that this enzyme produces beneficial PUFA metabolites that promote reproduction, because cyp-33E2(RNAi) nematodes produce a smaller brood than control when grown on normal (non-supplemented) E. coli. Previously, epoxy fatty acids had been shown to mostly act in vascular regulation and angiogenesis 1 . In mammals AA and EPA derived epoxide metabolites regulate blood pressure and renal function during pregnancy 33 . Additionally, the abundance of EETs in pre-ovulatory follicular cells follows the estrus cycle, and may influence estradiol formation 34 . In C. elegans, CYP-modified PUFA metabolites appear to regulate pharyngeal pumping, possibly through the activation of ion channels 22, 23 . Recently, CYP-modified PUFAs, specifically 17,18-EEQ, was shown to impart protection against ischemic/reperfusion damage 9, 35 . Thus, CYP-modified PUFA metabolites perform a range of important physiological functions in both vertebrates and invertebrates that are just beginning to be understood.
We previously showed that C. elegans mutant strains with constitutively active stress response pathways, including those resulting from inhibition of the insulin/IGF receptor DAF-2, were highly resistant to DGLA-induced sterility 20 . The daf-2 mutant strain shows increased expression of phase-II detoxification genes, such as gcs-1, which encodes an enzyme required for glutathione biosynthesis 36 . Phase II detoxification enzymes could act to clear the DGLA epoxides before they incur damage to germ cells. On the other hand, our studies did not support the hypothesis that soluble epoxide hydrolases aid the clearance of the toxic epoxides, because the ceeh-1 and ceeh-2 mutants did not significantly enhance the sterility phenotype.
Based on our finding that knockdown of cyp-33E2 leads to reduced brood size, we propose that under normal dietary conditions, polyunsaturated fatty acids are modified into epoxides by CYPs to promote successful reproduction. However, our studies demonstrate that an overabundance of DGLA in the diet leads to the synthesis of 8,9-EED and 14,15-EED, which may interfere with a physiological signal or act as toxins triggering germ defects and death. The specificity of these two isomers is critical to the germ cell phenotype, because exposure to 11,12-EED did not lead to germ cell abnormalities. Alternatively, our experiments do not rule out possibility that exposure to excess DGLA-derived epoxides lead to germ cell defects indirectly, for example, due to the disruption of signaling pathways that are regulated by a specific membrane lipid milieu 37 . How the DGLA-derived epoxides induce germ cell abnormalities and germ cell death remains to be investigated. Similarly, the mechanisms of action for oxygenated fatty acids in mammalian processes such as vascular dilation are undefined. Though strong evidence indicates that epoxide fatty acid metabolites act in signal transduction, no receptors for these molecules have been identified 38, 39 . Recently discovered functions for specific eicosanoids in C. elegans, such as the requirement for F-series prostaglandins in sperm guidance 28, 29, 32 , CYP involvement in response to hypoxia and re-oxygenation 9, 35 , and the sensitivity of germ cells to oxygenated metabolites of dietary DGLA, demonstrate the utility of the genetically amenable C. elegans system for the discovery and elucidation of cellular mechanisms of eicosanoid signaling in physiological processes. 30 . The VC20710 strain was outcrossed 5x to N2. Nematode growth media (NGM) was used to maintain C. elegans with E. coli strain OP50 at 20 °C. Feeding RNAi was performed on NGM plates supplemented with 100 μ g/ml ampicillin and 2 mM isopropyl-β -D-thiogalactopyranoside using the Ahringer lab RNAi library clones in E. coli strain HT115 40, 41 . All RNAi constructs were sequence verified using Sanger sequencing.
Sterility assay. Wild-type strains were supplemented with DGLA on either standard NGM or RNAi medium as previously described 16, 20, 42 . Light microscopy was used to identify sterile worms as a lack of embryos in the adult uterus. For each concentration of DGLA, the percentage of sterile worms in the population was determined by scoring at least 30 worms per plate as fertile or sterile, and averaging the sterility of populations on 4-8 plates. Comparisons between sterility levels of control populations and Scientific RepoRts | 5:15417 | DOi: 10.1038/srep15417 experimental populations were made using two-tailed student's t tests. Exogenous DGLA uptake was confirmed by gas chromatography/mass spectrometry (GC/MS) of nematodes 16, 20, 42 . CYP-33E2 activity on DGLA. C. elegans CYP-33E2 and hCPR were co-expressed in Sf9 cells as previously described 22 . For the enzymatic activity assay, microsomes with 9 pmol of CYP-33E2 were incubated with 10 μ M [1-
14 C]-DGLA (ARC, St. Louis, MO, USA) at 25 °C for 10 minutes. The analysis of the obtained metabolites were performed by RP-HPLC and LC-MS/MS were prepared as previously described 22 .
Endogenous CYP-produced DGLA metabolites. Endogenous eicosanoids of C. elegans were identified exactly as previously described 22 . The synthesized DGLA metabolites were identified by their molecular weight and their characteristic fragmentation pattern under collision induced dissociation. The mass of negative molecular ions are m/z = 321 for epoxides and hydroxides and m/z = 339 for diols. The characteristic cleavage beside the oxygen functional group allows the differentiation of all regioisomeres ( Table 1 ). The retention time was in an expected range compared to a wide spectrum of well-known oxylipins.
Production of DGLA derived eicosanoids. Whereas only 14,15-EED was available commercially (Cayman Chemical), the both other regioisomeric monoepoxides were synthesized by reacting the parental DGLA, supplemented with trace amounts of the corresponding [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-labeled compound, with m-chloroperoxybenzoic acid as described previously for the chemical oxidation of AA to EETs 43 . To produce EED derived diols (DHEDs) we hydrolyzed each of the three epoxides with 1 mL of a 1:1 acetic acid/water mixture over night at 45 °C while shaking with 70 rpm. All reaction products were resolved and purified by RP-and subsequent NP-HPLC as described in detail previously 44 . 18-and 19-HETrE were produced enzymatically by recombinant CYP-33E2/hCPR activity as described above and isolated after RP-HPLC purification. The identity and quantity of all regioisomeric metabolites was confirmed by LC-MS/MS.
Fatty acid and eicosanoid injection assay. For proof of concept, sodium dihomo-gamma-linolenic acid was dissolved in water at a concentration of 10 μ M. All other fatty acids and metabolites arrived in ethanol and were diluted to 1 or 2.5 μ M with water, mock injections used 1% ethanol. A glass capillary tube (World Precision Instruments Inc., TW100F-4) was drawn into a needle, loaded, and used to inject into the gonad syncytium of the OD95 strain using an inverted light microscope. For each concentration of fatty acid metabolite, 8-12 individual nematodes were injected. Nematodes were recovered on NGM seeded with E. coli for 2 hours at 20˚C. Nematodes were then transferred to a drop of 0.1 mg/mL levamisole on a 2% agarose pad and a coverslip was applied. Germ cell membrane and nuclei were viewed with laser excitation at 488 and 561 nm (filtered at 495/535 nm and 600/670 nm for GFP and mCherry excitation/emission) and imaged on a Leica TCS SP5 confocal microscope with a 63X oil immersion lens. Images were processed identically using Adobe Photoshop CS4. The mean number of defective germ cells per injected worm was determined, and two-tailed student's t test was used to compare the number of defective germ cells in injected worms compared to mock injections.
